Abstract
In the atmosphere, biogenic and anthropogenic emissions are oxidized to form secondary organic aerosols (SOA); however, the identities and concentrations of the compounds formed are inadequately known. In this work an aerosol (gas+particle) collection system was designed and tested in order to more fully characterize atmospheric volatile organic compounds (VOCs) and semi-volatile organic compounds (SVOCs) that contribute to SOA. Target compounds to be collected were C6 to C20 compounds with oxygenated functional groups such as aldehydes and alcohols. The collection system was designed to allow characterization of atmospheric aerosols using multiple analytical methods: two-dimensional gas chromatography with time of flight-mass spectrometry (GCxGC-TOFMS), with and without derivatization, and two-dimensional liquid chromatography with mass spectrometry (LCxLC-MS). The first stage of collection in the system uses a polytetrafluoroethelyne (PTFE) filter to capture the low volatility compounds in the particle phase. The flow is then split for two different collection mechanisms: adsorption thermal desorption (ATD) cartridges for gas phase VOCs, and solid phase extraction (SPE) filters for SVOCs. In order to test the viability of aerosol collection on PTFE filters and subsequent analysis using derivatization, four aerosol samples were collected on PTFE filters at Reed College. The average mass collected over 4 trials was 10.15 μg. The U.S. Department of Energy Environmental and Molecular Science Lab (EMSL) performed extraction and derivatization on the Reed College samples, followed by GC-MS. Results show identifiable peaks that are significantly different than the filter blanks, suggesting that derivatization methods can be used to facilitate identification of relatively polar organic compounds sampled onto PTFE filters. Additional aerosol collection trials were conducted at Portland State University (PSU) using two SPE filters in series to collect gases and particles from tobacco smoke. A literature review was conducted to determine the type of SPE filter, time, and necessary flow rates to collect an optimum amount of sample for analysis. The tobacco smoke PM mass collected was 6mg/2mg and 2mg/0.9mg for trials one and two, respectively (front/back filter). PSU tobacco smoke samples 4 were analyzed at EMSL using GC-MS with derivatization. Results showed successful collection of polar compounds in the semi-volatile range of interest, including alcohols, aldehydes, and phenols. Next steps of this research include collecting aerosol samples with the whole system (PTFE + ATD + SPE) and subsequent analysis of samples using GCxGC-TOFMS, with and without derivatization, and LCxLC-MS. Results to date suggest a more complete characterization of atmospheric organic aerosols can be attained using multiple offline analyses. Further characterization of atmospheric organic aerosols is necessary to improve air quality and climate modeling and develop efficient air quality and climate change mitigation technologies.
Introduction Aerosols and Volatility
Aerosols are defined as particles suspended in a gas (air in this work). Primary organic aerosols (POA) are particles that are directly emitted into the atmosphere from both anthropogenic sources (i.e. fossil fuels) and biogenic sources (vegetation).
Secondary organic aerosols (SOA) are formed in the atmosphere and are of singular interest in this work; semi-volatile organic compounds (SVOCs) and volatile organic compounds (VOCs) from anthropogenic and biogenic sources are the precursors of SOA.
VOCs and SVOCs are distinguished from each other by boiling point, with boiling point temperatures ranging from approximately 50-250ºC and 250-400ºC respectively ( Figure 1) (EPA, 2015) . VOCs generally have low boiling points and evaporate at temperatures lower than 250ºC; propane, benzene, and other components of gasoline are all VOCs (Art, 1993) . SVOCs include phenols and polycyclic aromatic hydrocarbons (PAH). Gas-phase compounds are of interest because when emitted into the atmosphere they react with ozone (O3), hydroxyl radicals (OH . ), and other oxidants; are transformed to lower volatility compounds; and can then condense to form SOA 2: Gas-particle partitioning process (Pankow, 2014) The mixtures of oxidized compounds formed in the atmosphere are inadequately characterized due to the complexity, as well as interdependent changes in composition and volatility. For example, compounds can switch between gas and condensed phase due to temperature and relative humidity changes, be broken down through photolysis, and undergo redox reactions. This constant flux between gas and particle phase makes collection, and therefore characterization, of atmospheric aerosols difficult.
Aerosols and Climate
Atmospheric aerosols play an important role in Earth's radiative heat budget and climate change, the hydrologic cycle, and air pollution. Radiative forcing (RF) is a measurement of the ability of forcing agents (i.e. gases, water molecules, particles) to affect the Earth's energy balance (SEI, 2011) . Ramaswany et al. (2001) further defines RF as "the change in net (down minus up) irradiance (solar plus longwave; in W/m 2 ) at the tropopause after allowing for stratospheric temperatures to readjust to radiative equilibrium, but with surface and tropospheric temperatures and state held fixed at the unperturbed values." Aerosol particles indirectly affect RF by acting as cloud condensation nuclei (CCN) (NASA, 2015) ; once particles are large enough they provide "seeds" for water molecules to condense upon, which subsequently affects the hydrologic cycle (can alter precipitation). (Poschl, 2014) Aerosol particles and cloud droplets can increase albedo and reduce incoming short wave radiation from the sun (NASA, 1999) . Conversely, black carbon aerosols can trap outgoing radiation, which produces heat and contributes to direct warming.
Developing a method of characterizing the gas-and particle-phase compounds of atmospheric aerosols is an important aspect in understanding and predicting global climate change: the Intergovernmental Panel on Climate Change (IPCC) states aerosols are "contributing the largest uncertainty to the total RF estimate" (Pachauri, 2015) . Understanding the role of aerosols in RF will be required for developing important climate change mitigation strategies (Figure 4 ). 
Aerosols and Air Quality
The National Ambient Air Quality Standards (NAAQS) were established by the U.S.
Environmental Protection Agency (EPA) in order to protect public health and welfare. NAAQS currently exist for six criteria pollutants: carbon monoxide (CO), lead (Pb), nitrogen dioxide (NO2), ground-level ozone (O3), sulfur dioxide (SO2), and two categories of particulate matter (Masters and Ela, 2008) . PM10 and PM2.5 are particles with diameters of < 10μm and < 2.5μm, respectively. POA and SOA contribute a substantial mass fraction to PM10 and PM2.5 and thus more complete characterization of these organic aerosols can lead to better quantification and mitigation of particulate air pollutants ( Figure 5 ). Characterization of aerosols has traditionally been performed using either gas or liquid chromatography, both of which have the capacity to be run with twodimensional (2D) separation (GC x GC and LC x LC, respectively). 2D analysis allows for characterization of more complex samples by separation of chemical compounds according to two different properties. The most common properties are size, polarity, and solubility. Effective 2D chromatography uses two orthogonal properties to achieve the most efficient separation for subsequent analysis. For atmospheric work, both GC and LC are most often used in conjunction with mass spectrometry (MS), which helps identify compounds by measuring mass (as a masscharge ratio). Figure 6 shows the process of aerosol characterization, from collection through detection, including by MS (Poschl, 2005) . In Duarte et al., two fluval acids were collected and separated in order to better understand the composition and range of acids present in aquatic systems. The authors employed LCxLC using a reverse-phase silica column for the first dimension and a size-exclusion column in the second dimension. Findings suggest that using two independent separation mechanisms can improve separation and characterization of NOM composition. Because of the similarities in analytical complexity between NOM and atmospheric aerosols, Duarte's work shows that there is potential for aerosol collection and characterization using independent separation mechanisms. In addition, LCxLC is shown to be viable for characterizing complex environmental samples.
Collection Media
Adsorption-thermal desorption (ATD) cartridges are widely used to collect samples for analysis by gas chromatography. ATD cartridges are filled with one or more adsorbents (e.g., Tenax) and can be successful in sorbing VOCs and SVOCs.
Advantages include exhibiting a low analyte breakthrough, but consequentially, high flow-resistance can occur (Ligocki and Pankow, 1984) . In Ligocki and Pankow (1984) , low breakthrough was observed for volatile polar organics such as TCE (0-8%); o, m, and p-xylene (<1%); and 1,4-dichlorobenzene (<1%). Successful sampling volumes ranged from 280L to 570L and temperatures from 5ºC to 9ºC, yielding recovery for aerosols at the ng/m 3 level (Ligocki and Pankow, 1984) . Ligocki and Pankow used two different flow rates through the ATD cartridges and also collected lower-volatility compounds on Polyurethane foam plugs set up in parallel to the ATD cartridges (Figure 7) . The parallel collection system in Figure 7 is similar to the proposed design in this work: both systems operate with separate flow rates and are intended to collect compounds with different volatility ranges. (Ligocki and Pankow, 1984) . Limbek et al. (2000) performed ambient sampling of atmospheric organic aerosols in the South African Savannah. Quartz fiber filters were used in series in order to catch breakthrough analytes. Oxalic acids were found to be the most dominant species followed by other polar organics such as carboxylic acids, phthalates, and aldehydes (Limbeck et al. 2000) . A low volume sampler (15 L/min) was used with the quartz fiber filters and ambient sampling time was approximately one week. C2-C9 dicarboxylic acids and C8-C18 mono carboxylic acids were extracted using methanol/acetone/organic free water solutions and then separated using a C18 solid phase extraction (SPE) cartridge. After extraction from the SPE, compounds were analyzed using GC-MS. The authors acknowledged analysis was incomplete due to lack of semi-volatile compound collection efficiency. Isaacman et al. (2015) used SV-TAG (semi-volatile thermal desorption aerosol gas chromatography) with derivatization to characterize highly -polar semi-volatile and low-volatility compounds (Isaacman, 2015) . The SV-TAG is an online sampler that quantifies gas and particle phase compounds hourly, resulting in mass concentration and gas-particle partitioning data. Derivatization is performed in situ using helium saturated with a derivatizing agent, providing a way to characterize compounds that otherwise are not captured by the SV-TAG system. Highly-polar semi-volatile and low-volatility compounds were reacted with silylating agents to convert OH groups into larger esters and ethers. In order to quantify the "parent" compounds, derivatization was reproduced in the laboratory using auto injection of 43 oxygenated compounds. The authors reported highly reproducible derivatization with 3% variability in the laboratory setting, and 20-25% variability when collected in the field. Derivatization was shown to have great potential in characterizing highly-polar organic compounds, yet the method still contains a large range of error and requires an internal standard to correct for variability in detector response, consumption of the derivatization agent, desorption efficiency, and transfer losses (Isaacman et al., 2015) . In comparison to SV-TAG, the design proposed in this work aims to provide a less expensive, offline aerosol collection system.
Derivatization

Objectives
The goal of this work was to design a sampling system that uses multiple media types to collect compounds with a wide range of volatility that can then be characterized using multiple analytical approaches. Three objectives were defined to achieve this goal.
Objective 1:
Test GC with derivatization. GC with derivatization has been shown to be successful in promoting elution of volatile and semi-volatile organic compounds from a GC column. It is necessary to test if this analytical method is feasible for the samples of interest in this work because that will influence the design of the collection apparatus.
Objective 2:
Design collection apparatus. Sequencing of media and flexibility of analytical approaches will be important for full characterization.
Objective 3:
Test the collection capabilities of SPE filters, particularly their ability to trap SVOCs.
Trapping SVOCs is important because ATD cartridges can trap VOCs and PTFE filters can trap low-volatility compounds, leaving a range of SVOCs that are inadequately collected and characterized.
Reed Chamber Experiment (Objective 1)
A proof of concept experiment was performed during August and September of 2014. The first purpose of this experiment was to collect aerosol mass on PTFE filters and determine if this method was effective in trapping the low-volatility organic compounds of interest. The second purpose was to determine if GC-MS with derivatization was effective in removing compounds of interest from the GC column.
Six PTFE filters were prepped at PSU to ensure background contamination would be minimized. Foil packets were created for each filter and heated at 150ºC for 4 hours.
Tongs for filter handling were also heated at 150ºC. PTFE filters were conditioned using a 5x5 methanol and acetone rinse (5ml rinse, 5 times for each solution). Each PTFE filter was then pre-weighed and masses were recorded on the foil packets.
Two filters were marked blank for use as control samples. The prepped filters were taken to the Reed College Chemistry Department (Portland, OR) and used to collect SOA from a PFA Teflon chamber. The SOA was generated by reaction of alphapinene, a biogenic VOC, with ozone in the chamber (Figure 7 ). For each trial a PTFE filter was inserted into a Teflon filter holder in the chamber outflow path. Flow rate was recorded throughout the trial to ensure a constant rate was achieved and to monitor filter performance. A change in flow rate could indicate too much sample was collected and the filter had become occluded. Following each trial, the filter was placed in the foil packet, then in a glass jar, and stored in a freezer in order to prevent further reactions from occurring. Mass collected on the filters is shown in Table 1 . Average mass loadings in the chamber were approximately 400μg/m 3 , depending on initial concentrations of reactants and experimental conditions. Following the collection experiment, filters were packaged in dry ice and sent to EMSL for analysis. (2013) was followed. The chromatograms for the Reed PTFE filters are shown in Figure 8 . results between 10 to 13 minutes, 13 to 15 minutes, and 15 to 19 minutes respectively; observable differences in peaks between the blank filters and sampled filters are shown by red arrows. It is important to note that observable differences in peaks only occurred for samples 3 and 4, suggesting that not enough aerosol mass was collected on filters 1 and 2. However, the peak separation in filters 3 and 4 do suggest that SVOCs may be detected in samples of interest using filter collection and GC-MS with derivatization. 
Design and Sampling Approach (Objective 2)
A PTFE filter was placed at the beginning of the collection system to trap lowvolatility, particulate-phase compounds. Trapping larger particulate-phase compounds in the beginning of collection creates more opportunity for the subsequent media to capture VOCs and SVOCs (Figure 12 ). Following the PTFE filter the flow is split; one flow-path towards the ATD cartridge and the other towards the SPE filter. Prior to collection on the ATD cartridge, volatile compounds will pass through an O3 scrubber. The O3 scrubber traps ozone and prevents further oxidation of volatile compounds on the ATD cartridge. The ATD cartridge media proposed is pre-packed with Tenax GC, although multiple options for media packing exist, dependent on the compounds of interest. Tenax GC ATD cartridges have been shown to be effective in collecting higher volatility compounds (Ligocki and Pankow 1985) . The SPE path is intended for intermediate-volatility compound collection, however there is limited literature available on collection of SVOCs in air using SPE. A unitless flow meter was calibrated to measure flow in both sides of the sampler.
Flow was initiated using compressed N2 gas and an SKC PCXR8 Universal Sample Pump. Flow meter calibration data and results are located in the Appendix (Tables   A1 and A2 , Figures A1 and A2) . Advantages of the SKC pumps include their small size and battery operation. The use of small portable pumps makes the sampling apparatus ideal for either laboratory sampling or field sampling.
With promising derivatization results from the Reed chamber experiment, solid phase extraction (SPE) was considered for gas-phase SVOC collection. To determine the best adsorbent, a literature review was conducted to gather data such as flow rates used, concentrations of aerosol, and types of compounds identified (Table 2) .
Empore C18, 47mm diameter filters were chosen as the SPE filter. The Empore SPE filters are comprised of 90% SPE membrane, 10% PTFE, and are designed for extracting semi-volatile and non-volatile compounds (Sigma-Aldrich). Because the mass collected during the Reed chamber experiments was low, calculations were performed to ensure enough mass was collected on the SPE filters.
A mass concentration of 0.1ng/μL was assumed to be the minimum concentration of compound necessary for detection by MS. Sampling time necessary for desired mass loadings was calculated in Tables 3 and 4 using the following equation:
Where m is mass (μg), C is sample concentration (μg/m 3 ) and Q is flow rate (L/min).
Sample concentrations considered were 20, 500, and 1725 μg/m 3 . These concentrations were chosen to represent ambient atmospheric levels, high concentration laboratory levels, and tobacco smoke, respectively. 
PSU Aerosol Samples -SPE Filters
The purpose of the second sampling experiment was to capture a greater amount of mass for analysis and to test the collection capabilities of the Empore C18 SPE Aerosol sample was drawn from two cigarettes simultaneously, and through two Empore C18 SPE filters set up in series.
Mass collected in the first trial was 6mg on the front filter and 2 mg on the back filter. Mass collected on the second trial was 2mg on the front filter and 0.9 mg on the back filter. SPE filters, including a blank, were shipped to EMSL for analysis using GC-MS with derivatization.
EMSL Analysis -SPE Filters
Sample analysis was performed by Young-Mo at EMSL in Richland, WA. Aerosol mass was extracted from the PTFE filters and derivatized using the methods describedfor the EMSL filter experiment. Figure 14 shows chromatographs from one blank filter and four filter samples: filters #1 and #5 correspond to the first trial, while filters #7 and #8 correspond to the second trial. Filters #5 and #8 were used as back filters in order to observe trapping of compounds that passed through the first filter. Based on this experiment, a second SPE filter provides minimal characterization benefits: a small amount of breakthrough occurred and trace peaks of backup filters were similar to primary filters, suggesting no new compounds were trapped. Filter #1 trapped the greatest amount of aerosols and as a result was used for compound identification. 34 compounds were identified from filter #1 (Figure 15 ). Chemical formula, molecular weight, and boiling point values for compounds trapped are in the Appendix (Table A3 ). Preliminary identification shows several polar compounds of interest were trapped, including aldehydes, alcohols, phenols, and sterols. Many of these compounds spanned the C6 to C20 range with oxygenated functional groups, suggesting SPE filters are a successful filter media for trapping SVOCs. While volatility is a relative classification depending on many factors, SVOCs were identified using the EPA's classification range (boiling point between 240-400ºC, Next steps include taking the complete apparatus (PTFE + O3 + ATD + SPE) to the EMSL lab in Richland, WA for aerosol collection in June 2015. VOCs will be analyzed at PSU using GCxGC-TOFMS. For SVOC characterization, the SPE filter is to be split in half to test two different methods of analysis: 2D-GC-MS with derivatization and 2D-LC-MS. Splitting the SPE filter in half and using two different analytical methods on the same sample is hypothesized to provide more complete characterization.
In addition to improved characterization abilities, this collection apparatus is advantageous due to size, operational variability, and affordability. With a footprint that can be minimized to approximately 2 square feet (or 2 cubic feet in volume), the apparatus is small enough to be easily implemented into field sampling.
Operational variability includes collecting samples at multiple flow rates and collecting on multiple medias. Pumps and media can also be interchanged for specific collection requirements. The offline collection apparatus also provides economic benefit: expensive online equipment currently hinders research in this area. By providing an affordable, offline alternative to effectively characterize atmospheric aerosols the amount of research performed can increase significantly.
An increased quantity of reliable sample collection and subsequent analysis can further the current knowledge in atmospheric organic aerosol sources, behavior, and fate. 
Flow meter calibration
